The physical and nutritional requirements of the antibiotic-producing slime mold Physarum gyrosum were examined to develop a liquid medium for this myxomycete. Liquid culture is desired to expedite a useful scale of production of antibiotic materials for ease of isolation and structure study. Culture conditions were selected to favor antibiotic production rather than maximum growth. The medium devised consisted of 0.010 M potassium phosphate buffer (pH 6.0), 2% bakers' yeast, and 0.2% glucose and was supplemented with either 10-7 M hemoglobin (preferred) or 2.0 ml of live Escherichia coli per 100 ml of culture medium grown to a steady-state population in nutrient broth. The slime mold, which contained some E. coli carried along with the inoculum, was allowed to grow as a surface plasmodium at 20°C in the dark with weekly subculturing for stocks or for 10 days for antibiotic production. P. gyrosum produced the same antibiotic materials when grown in liquid medium as it did when grown on agar plates. A seeded plate disk assay against Bacillus cereus was employed to follow antibiotic activity.
Interest in slime molds has increased since the first liquid culture of Physarum polycephalum by Daniel and Rusch (5) . Modification of their culture medium by Ross (12) enabled him to culture successfully Physarum flavicomum, Physarella oblonga, and the myxamoebae of Badhamia curtisii. Henney and Henney (8) reported different nutritional requirements for Physarum rigidum as did Schroeder et al. (14) for Physarum gyrosum. Although the basic nutritional requirements of these various slime molds are similar, their individual specific requirements must be satisfied for successful long-term culturing.
Locquin and Prevot (9) reported the presence of antibiotic materials in ethanolic extracts of several species of myxomycetes. Considine and Mallette (2) reported that P. gyrosum also produced antibiotic materials. To isolate and determine the chemical structures of the active materials, it would be desirable to grow P. gyrosum in liquid culture. Since initial attempts to do so by Schroeder et al. (14) were unsuccessful, further studies on nutritional requirements of P. gyrosum have been made in the hope that inocula could be transferred successfully from agar plates to liquid culture. ' Pennsylvania Agricultural Experiment Station publication no. 5090.
MATERIALS AND METHODS
Cultures. A two-member culture of P. gyrosum and Escherichia coli was established as described by Mayberry et al. (11) Schroeder and Mallette (15) for plasmodia grown on agar plates. For plasmodia grown in liquid culture, the dialysis step was replaced by centrifugation at 10,000 x g for 20 min at 4°C. The supernatant was concentrated to 1% of the original volume by rotary evaporation at 40°C under reduced pressure and extracted with n-butanol as described earlier for the dialysate.
Weights of fractions to be tested for antibiotic activity were determined by drying in sample vials for 2 h at 56°C under vacuum against P205 in an Abderhalden drying pistol, cooling to room temperature in a desiccator over P205, and weighing.
RESULTS
Gray (6), working with P. polycephalum, found that his strain had an optimal pH range of 4 to 5 for growth using a 1:10 dilution of McIlvaine dibasic sodium phosphate-citric acid buffer. However, P. gyrosum failed to grow on agar using this buffer. Attempts to culture P. gyrosum on a 0.029 M citric acid-potassium phosphate buffer or 0.025 M potassium phosphate buffer were successful. Table 1 shows that best growth occurred with phosphate buffer at pH 6.0. Citrate was somewhat inhibitory, particularly at nonoptimal values of pH. Antibiotic materials were produced, at least over the optimum growth range of pH 5 to 6.8, as shown in Table 2 . Cultures grown at pH 6.0 produced the greatest weight of antibiotic fraction Z.
Since variation in phosphate concentration might affect growth, four levels were employed in the experiment of Fig. 1 production of such secondary metabolites as antibiotics. Since Weinberg reported that secondary metabolite production is favored by phosphate concentrations below those for maximum rate of growth, 0.010 M phosphate buffer was chosen in the present study, because it offered good growth at lower phosphate concentration. Figure 2 shows the effect of temperature on growth of P. gyrosum. A temperature of 30°C gave a poor response when measured as milligrams of protein per plate, whereas 200C produced the best growth. In another experiment, growth was considerably less at 160C than at 200C and occurred at neither 37 nor 4C. Table 3 shows that antibiotic production, as measured by dry weight, was favored by lower temperatures. The coupling of slow, steady growth with maximum antibiotic production has been reported in many cases. Weinberg (16) , for example, observed that secondary metabolite production is best at temperatures below those for 10 F plasmodium floated off onto the surface of the liquid medium. This culture fluid with plasmodium was then used to inoculate fresh medium not containing glass wool, and again plasmodium grew on the surface.
To confinr that the organism growing in these cultures was P. gyrosum, the culture was centrifuged at 250 x g for 5 min at 4°C in sterile, screw-capped conical centrifuge tubes.
The pellet was transferred to an agar culture plate. After several days, a plasmodium typical of P. gyrosum was observed growing over the plate. Microscopic examination of liquid cultures showed microplasmodia similar to those reported by Guttes et al. (7) for P. polycephalum. Inoculation into nutrient broth tubes or onto nutrient agar plates and incubating at 37 or 250C revealed E. coli as the only accompanying viable organism. (4) reported that P. polycephalum required hematin or heme proteins for good growth. For P. gyrosum Fig. 3 shows that 1O-7 M hemoglobin from acetone-extracted sheep erythrocytes could replace the associated live E. coli. Not adding either hemoglobin or E. coli resulted in reduced growth. A control culture of only E. coli showed no measurable growth under these conditions. See the control in Fig. 3 . Figure 4 shows that protein production paralleled growth when followed by dry weight. Antibiotic production ofP. gyrosum in liquid culture is shown in Table 4 . The fractions correspond to those of Schroeder and Mallette (15) . When chromatographed on thin-layer plates according to the method of Schroeder and Mallette (15), C-1 gave one major active fraction (D-1). A comparison ofthese fractions to those from cultures grown on agar plates showed that the same antibiotic materials are produced in both cases. DISCUSSION P. gyrosum has different nutritional requirements than those reported by Daniel and Rusch (5) Fig. 3 , where failure to add extra live E. coli or hemoglobin resulted in reduced growth.) Many researchers have reported short-term (two to four) subculturing of various myxomycetes, but successful long-term culturing on defined or partially defined liquid media has been limited to only a few species.
The antibiotic materials isolated by Schroeder and Mallette (15) from P. gyrosum showed a broad spectrum of activity against both grampositive and gram-negative bacteria as well as against yeasts, Saccharomyces cerevisae and Torulopsis sphaerica. The possibility that one antibiotic system could have such a broad spectrum of activity would be significant, since few useful antibiotic materials exhibit such capability. Purified antibiotic material has not been tested to determine if this material has the same broad spectrum of activity as the butanol extract, because sufficiently large quantities have not been available in the past. Production of antibiotic materials by P. gyrosum grown in liquid culture was comparable to growing the slime mold on agar plates, but the ease of extracting antibiotic materials from liquid medium makes it superior to plate cultures. In addition, this new medium could be adapted to a fermentation technique like that of Brewer et al. (1) for P. polycephalum if large-scale antibiotic production becomes desirable.
